Two methods of explaining the physical mechanism of the Magnus effect are compared with each other and fully discussed. The first method uses Bernoulli's theorem and the fluid velocity difference between both sides of the body. The second one is based on the momentum theorem, which relates the lift force with the fluid acceleration perpendicular to the uniform flow direction, which is caused by the asymmetry of separation points. It is shown that the latter method is preferable because it can be strictly applied to the real flow field containing both the rotational and the irrotational flow regions.
Introduction
When a sphere or cylinder in a uniform fluid flow is rotating around an axis perpendicular to the flow direction, a force (lift) is exerted from the fluid that is perpendicular to both the flow direction and the axis of rotation. This phenomenon is referred to as the ''Magnus effect,'' and it is well known as the cause of the curving flight of baseballs and tennis balls. When a rocket flies through the air rotating about its longitudinal axis and this axis is tilted with respect to its direction of motion, the aerodynamic force acting along a direction perpendicular to both its direction of motion and the rocket longitudinal axis is considered another kind of Magnus effect. Many experiments and numerical analyses have been performed addressing these phenomena, and the dependence of the magnitude of lift on the Reynolds number, velocity ratio, surface roughness of the flying object, etc. [1] [2] [3] Many experiments have also investigated details of the flow field in all of these cases, especially the relation between transition and separation points of the boundary layer with the magnitude of lift. [4] [5] [6] [7] Nevertheless, as far as the author has been able to find in literature, researchers still have not arrived at a unified interpretation of the Magnus effect-of how to understand the physical mechanisms that give rise to it or the most plausible explanation of these mechanisms. For example, when teaching a beginner such as a university student about this phenomenon, one must first explain the basics of what is happening, but there is no evidence of very much debate over how to conduct this explanation. Conversely, for engineering purposes, a quantitative approach such as calculation methods for the magnitude of lift may be considered to be sufficient. Still, the name ''Magnus effect'' covers much; there are many manifestations of lift, and one cannot accurately express every case with a single equation; for example, with the Kutta-Joukowski theorem. Under the circumstances, it is inefficient from the long-term viewpoint to perform aerodynamic design simply by concentrating one's energies on estimating the magnitude of lift as needed on a case-by-case basis without considering the physical mechanisms for lift. That ad hoc method inevitably leads to improvising at random, and will seldom provide the insights needed for a good design. Therefore, it is vital to gain an understanding of the aerodynamic mechanisms involved for engineering purposes as well as for teaching purposes.
This report uses two possible approaches for explaining the physical mechanisms of the Magnus effect: an explanation based on the flow velocity difference between the opposite sides of an object, and an explanation from the mechanics perspective. These are compared and assessed from several points of view. However, one cannot deny the possibility that the Magnus effect has multiple correct explanations, as many physical phenomena do. Therefore, it is not an absolute requirement of this investigation to identify a single ultimate explanation.
The Magnus effect itself can occur both in high-Reynolds number flows where the concept of a boundary layer can be applied, and in low-Reynolds number flows where viscosity cannot be neglected anywhere in the vicinity of physical objects; so both cases are considered in this paper. Nearly all engineering problems are of the former type, however, so inevitably, most of the discussion in this paper concerns such cases. When discussing these cases, the author states in advance that the argument will be about high-Reynolds number flows, aside from a few cases that are clear from the context.
For the shapes of the physical objects, this study considers the cases of both spheres and cylinders; however, when a discussion applies to only one of these, this will also be clearly stated.
Explanation of the Magnus Effect from the Viewpoint of Flow Velocity Difference between Opposite
Sides of the Object-Explanation 1
One of the approaches to explaining the physical mechanisms of the Magnus effect can focus on the difference in flow velocity between either side of the object. This can be expressed as: ''Along the side of a rotating sphere or cylinder that is moving in the same direction as the flow, the flow velocity near the surface is greater than if the object is not rotating, so by Bernoulli's theorem, the pressure is lower. Meanwhile, along the side that is rotating in the opposite direction of the flow, the flow velocity is slowed, so according to Bernoulli's theorem, the pressure is greater than if the object is not rotating. Therefore, there occurs an asymmetry in the pressures on either side of the object, and lift occurs in the direction from the high-pressure side toward the low-pressure side.'' Here, if one thinks in the usual way, the cause of the difference in flow velocities along the two sides (i.e., asymmetry of the flow velocity distribution) is flow drag, or a blocking of the flow, by the rotational motion of the object's surface. Thus, a velocity difference occurs due to the viscosity or the turbulent viscosity, that is, the shear stress component of Reynolds stress. Let us call this explanation with that added note ''Explanation 1a.'' However, Bernoulli's theorem only applies in cases where viscosity or turbulent viscosity can be neglected. When the Reynolds number is sufficiently high so that the concept of the boundary layer can be applied, Bernoulli's theorem is only obeyed in the potential flow region outside the boundary layer. Viscosity and turbulent viscosity can be neglected in that region, so there can be no dragging of the fluid due to the motion of the object's surface.
Primarily, when applying Bernoulli's theorem in a flowfield subject to no external forces, the principle that pressure is low where flow is fast and high where flow is slow applies because the fluid is only accelerated or decelerated by a pressure gradient in the direction of the streamlines in the absence of fluid viscosity and external forces. If we assume that the velocity difference is due to viscous forces or turbulent viscous forces, as in Explanation 1a, there is no longer any need to assume a pressure difference on each side of the object (i.e., a difference in the pressure variations along the two streamlines on each side of the object, from the uniform flow region in front of the object to the vicinity of the object) as another potential cause of the velocity difference. As a result, the theory for the development of lift is no longer valid.
It must also be pointed out that Explanation 1a rules out the phenomenon called the ''negative Magnus effect,'' which can occur when only one of the boundary layers transitions to turbulent flow.
From the above considerations, it is apparent that the theory of Explanation 1a includes a contradiction. However, it is a fact that the pressure distributions on the surface of the two sides of the object (i.e., the side where the motion of the surface is in the same direction as the flow and the side where the motion is in the opposite direction) are asymmetric when lift occurs. If we limit the discussion to Reynolds numbers high enough that the boundary layer concept can be used (e.g., Re & 10 3 {10 4 ), then in the region where the boundary layers are attached to the object surface, according to the boundary layer theory, the pressure distributions just outside the boundary layers are nearly the same as those on the surface of the object, so the pressure distribution along the two sides of the object must be asymmetrical even in potential flow fields. Accordingly, since Bernoulli's theorem holds in this region, it is clear that there is a flow velocity difference between the two sides. Thus, if we delete the latter part of Explanation 1a above (i.e., the part explaining flow velocity difference by viscosity or turbulent viscosity) and keep only the first part expressing the relation between the flow velocity difference and the pressure difference, we now have ''Explanation 1b'' for the ordinary Magnus effect (i.e., the positive Magnus effect) that involves no contradictions. Additionally, for the negative Magnus effect, if we rephrase the statement to say, ''The flow velocity is lower on the side that is moving in the same direction as the flow, and faster on the side that is moving in the opposite direction to the flow,'' there are again no contradictions. No descriptions of the mechanism causing the flow velocity difference have been provided, however, so the above statements are not complete explanations. We will take this up again in Section 3.3. Differing from the flow around a wing, in the flows around a sphere or cylinder, about half of the surface of the object is in contact with a wake region. In this region, the flow cannot possibly obey Bernoulli's theorem along the streamlines from the uniform flow region upstream. Therefore, we cannot make any statements from the above explanation about the flow velocities or pressure distribution within that flow, and the explanation is inadequate from that point of view.
Meanwhile, Bernoulli's theorem does not stand in all regions near the object in cases of low-Reynolds number flow, where the boundary layer concept cannot be applied; so of course, Explanations 1a and 1b, which assume Bernoulli's theorem and flow velocity differences, do not stand.
To summarize the aforementioned results, Explanation 1a includes a logical contradiction, so cannot be considered an appropriate description. Explanation 1b does not include any contradictions related to high-Reynolds number flows, where the boundary layer concept can be applied, but still cannot be considered a complete description, and is also inadequate in the sense that it does not take existence of the wake region into account. We will return to the topic of completing Explanation 1b in Section 3.3.
Explanation of the Magnus Effect from the Viewpoint of Mechanics-Explanation 2
It is also possible to explain the physical mechanisms of the Magnus effect from the viewpoint of mechanics. This section provides the explanations, along with many experimental results supporting those explanations.
3.1. Relation between asymmetry of the separation points and Magnus effect One of the most important phenomena related to the mechanisms of the Magnus effect is the experimental finding of asymmetry of the separation points on the two sides of the object. When the positive Magnus effect is occurring, the separation point on the side of the object traveling in the same direction as the flow (i.e., the side with the lower relative velocity) is at a location further downstream than the separation point on the side of the object traveling in the opposite direction to the flow (i.e., the side with the greater relative velocity), see Fig. 1(a) . However, when the negative Magnus effect is occurring, the relationship is reversed, as shown in Fig. 1(b) . This has been found by many researchers. Here, ''separation'' means that the streamlines in the boundary layer move away from the object surface. Since the object surface is moving, the interior of the boundary layer, including the vicinity of the separation point, has a velocity distribution differing from that at an ordinary stationary wall surface. Matsui 8, 9) has covered this in detail in his publications, so further discussion is omitted here.
As nearly as the author could find in literature, it was Taneda's report 4) of the flow around a sphere in a water tank where asymmetry of the separation points was first experimentally shown. In that report, the negative Magnus effect occurred at Reynolds numbers around 2:5 Â 10 5 and a velocity ratio (i.e., the ratio of a sphere's rotational velocity at the surface to the freestream velocity of a uniform flow passing the sphere) of approximately 0.6 or below. He showed that, under these conditions, the boundary layer on the side of the sphere surface with the lower relative velocity has a laminar flow, while the side with the higher relative velocity has already transitioned to a turbulent flow. Therefore, in reverse of the normal case, the separation point on the latter side was actually further downstream than the separation point on the former side. Taneda concluded, ''This is the reason why the negative Magnus force appears,'' but did not go into any detail about the mechanisms.
Swanson 2) has carried out a wide range of wind tunnel tests on the Magnus effect in rotating cylinders and has presented other researchers' data along with his own. In contrast to the sphere case, however, the flow around a cylinder causes even greater unsteadiness, because for one thing it sometimes gives rise to Kármán vortices. In Swanson's report, only the mean temporal values were extracted for the graphs. He pointed out that, in the case of a laminar flow boundary layer, on the side with the lower relative velocity, the separation point shifts downstream, and on the opposite side, it shifts upstream. Therefore, ''The additional length of boundary attachment on the top surface (i.e., the side with the lower relative velocity) gives a greater region of negative pressure coefficient here than over the bottom (i.e., the side with the greater relative velocity) where the length of attached boundary layer has decreased. As a consequence of the pressure distribution, a positive lift is produced.'' (The words in the parentheses have been added by the present author.) However, it is not necessarily true that an attached boundary layer results in lower pressure on the object surface than when the flow is separated. Since this relationship reverses on the downstream side of the object, it is difficult to say that this statement correctly explains the causes of lift.
Swanson noted the same phenomena of separation point shift in the cases of the negative Magnus effect as Taneda. He made another important comment about the nature of the Magnus effect as follows: ''The circulation around the actual rotating cylinder, which can be calculated and plotted from velocity field data, is a consequence of the unsymmetrical flow pattern produced by the upper and lower boundary layers separating at different positions. The circulation is then a consequence of the flow pattern as determined by the boundary-layer behavior.'' Nevertheless, he never showed the mechanisms causing circulation due to the asymmetrical flow field.
In contrast to Swanson, who employed only mean temporal values in his discussions of the flows around cylinders, Tanaka and Nagano is the front-end (i.e., point where the cylinder meets the uniform flow) and þ90 is the rear-end of the cylinder. The vertical axis represents the rotational Reynolds number Re N (i.e., Reynolds number defined using the rotational velocity of the cylinder surface as the reference velocity). The upper-half of the figure represents the side where the cylinder surface moves in the direction of flow (i.e., so-called ''accelerated side'') and the lower-half represents the side where the surface moves opposite to the flow (i.e., so-called ''decelerated side''). Figure 2 contains much information, but the reader is directed to the locations of the separation points; the hatching sloping down to the right between the two solid lines signifies the range of fluctuation of the separation points. The upper-half of the figure shows the separation point moving downstream with the increase in Re N . The lower-half shows that it moves upstream up to Re N % 0:4 Â 10 5 , but this changes abruptly to the downstream direction above this point. Then, around Re N % 0:6 Â 10 5 , it again starts to move in the upstream direction. The Re N % 0:4 Â 10 5 , where the first direction change occurs, corresponds to the value where C L suddenly drops on the plot for the same Reynolds number (0:93 Â 10 5 ) in Fig. 3 . One can infer that, in the vicinity of this value for Re N , the boundary layer along the cylinder surface moving opposite to the flow direction transitions from laminar flow to turbulent flow. This would theoretically link the analyses of Taneda and Swanson regarding the negative Magnus effect. For the Reynolds numbers given in Fig. 2 , however, even immediately after the separation point in the lower part of the figure abruptly returns downstream, it is in nearly the same location as the separation point in the upper part of the figure; accordingly, the value of C L also drops only to near 0. The negative Magnus effect appears at higher Reynolds numbers than this.
Tsutahara et al. 10) performed numerical analyses by the vortex-in-cell method of flows around a rotating cylinder at velocity ratios of 0.5-1.5, and Reynolds numbers of 5-80, too low for the concept of the boundary layer to be applied. They showed that lift forces approximately proportional to the velocity ratio arose with the same orientation as in the positive Magnus effect (Ref. 10), Fig. 14) . The flow pattern at Re ¼ 15 was shown together with the experimental results of a visualization. It is not clear whether or not it is appropriate to refer to ''separation'' at such low Reynolds numbers, but the locations where the streamlines just outside the circulating flow (i.e., the region of fluid flow rotating together with the cylinder surface), which had a thickness of 10-20% of the cylinder radius, moved away from the outside of the cylinder were, as one would expect, asymmetric (ibid., Figs. 11 and 12 ). Takayama et al. 7) also carried out wind tunnel tests at Re ¼ 1:0 Â 10 5 and a velocity ratio of 0.0-0.7 using a cylinder machined with narrow grooves. Visualization with the spark tracing method confirmed that the separation point locations are asymmetric while lift is being generated.
To summarize the above, when lift or negative lift occurs, there is always asymmetry in the locations of the separation points on either side of the object, and within the scope of the survey, no exceptions were ever found (i.e., no cases of lift occurring where the separation points were symmetric, and no cases of zero lift when the separation points were asymmetric). Matsui 8) explained the mechanism for the asymmetry of the separation points as: (in the case of a cylinder) ''Since the velocity of the surface on one side of the cylinder is in the same direction as the external flow ). ).
velocity, the fluid near the cylinder surface is entrained to the surface and the separation point moves downstream, while the opposite occurs and the separation point moves upstream on the opposite side.''
Mechanisms of lift generation
The term ''lift'' is defined for an object placed in a uniform flow as a force component received from the fluid which is perpendicular to the flow. Therefore according to the law of action and reaction, the fluid also receives the same force from the object in the opposite direction. Accordingly, no matter what the situation is, as long as lift is occurring, the fluid always accelerates in the vicinity of the object in a direction perpendicular to the uniform flow. In other words, the flow past the vicinity of the object acquires a momentum opposite to the direction of the lift.
The fluid must also gain momentum during the occurrence of lift due to the positive or negative Magnus effect. The scope of the spread of the fluid accelerated in the opposite direction of the lift is not necessarily limited to the region usually called the ''wake''; it is believed that it is possible to spread throughout a wide area including part of the potential flow on both sides of the wake. It is not easy to calculate the actual amount of momentum based on fluid velocity distribution, but it is presumably possible to at least qualitatively confirm that the orientation of the wake has been shifted away from the direction of the uniform flow. As nearly as the author could tell from a survey, the first experimental report of verification of this phenomenon was by Maccoll, 11) who described wind tunnel tests of flows around a rotating sphere. Details of the velocity distribution on the downstream side of the sphere are presented in his report when the Reynolds number was about 9 Â 10 4 (estimated from the physical quantities stated in his report) and the velocity ratio was 4.0. Maccoll did not make any particular note of this, but it is clearly shown that the fluid flow is redirected in the opposite direction to lift in a region about the size of the cross-sectional area of the sphere in Fig. 6A and Fig. 7A of his report. Figure 12 (b) of the report by Tanaka et al. 5) shows that, when positive lift is occurring at Re ¼ 0:97 Â 10 5 and Re N ¼ 0:35 Â 10 5 , the mean velocity distribution at the downstream position of the cylinder is shifted in the direction opposite to lift, in contrast to when the cylinder was not rotating. When the rotational velocity was increased to Re N ¼ 0:52 Â 10 5 , the flow velocity distribution returned to a nearly symmetric pattern (Ref. 5), Fig. 12(c) ). In the case of an extremely close Reynolds number (0:93 Â 10 5 ), C L fell abruptly to a value near 0 in the neighborhood of Re N ¼ 0:4 Â 10 5 (see Fig. 3 ); one can suspect that the same events are occurring in this case. In other words, the (re-)manifestation of symmetry in the downstream velocity distribution and a reduction in lift occur at the same time. Matsunaga et al. 12) did not pay attention to the orientation of the wake flow, but pointed out that the curvature of the potential flow streamlines becomes greater on the side of a cylinder that is moving in the same direction as the flow when lift is occurring.
Turning to numerical analyses, Tsutahara et al. 10) performed calculations for the flow around a rotating cylinder using the vortex-in-cell method. During the negative Magnus effect (velocity ratio ¼ 0:25, Re unknown), flow redirection was visible in the wake in the direction opposite to the negative lift in the pattern figure (Ref. 10), Fig. 7) . Additionally, in Figs. 11 and 12 in the same publication, even at Reynolds numbers too low to allow use of the concept of the boundary layer (i.e., Re ¼ 15, velocity ratio ¼ 0:5{1:5), it is possible to observe some signs that the wake has shifted in the direction opposite of the lift. Watanabe 13) carried out visualization experiments with the smoke wire method in flows around a rotating sphere. He observed the orientation of the wake in many of the cases when Re ¼ 3:4 Â 10 4 {2:4 Â 10 5 and the velocity ratio was less than 1. During both the positive and negative Magnus effect, he reported that the wake was slanted opposite of the direction of lift in all cases. In the experiments on visualization of the flow field around a rotating grooved cylinder by Takayama et al., 7) conducted under conditions causing relatively high lift coefficients, it is clearly seen that the wake is re-directed in the opposite direction of the lift. For example, Fig. 8(b) of their paper shows the wake direction at a slope of approximately 0.36 with respect to the uniform flow at Re ¼ 1:0 Â 10 5 and velocity ratio ¼ 0:4. Here, C L ¼ 1:01. The same results appear in many other publications 14, 15) besides these. As mentioned in the previous section, the generation of lift by the Magnus effect is always accompanied by asymmetry of the separation points. Thus, during the generation of lift, the two phenomena of separation point asymmetry and directional change of the flow passing close to the object happen simultaneously. It is therefore possible to infer that the flow is turned by the asymmetry of the separation points. For example, as shown in Fig. 4 , when the separation point on the upper side of an object is displaced further downstream (i.e., to the right in the figure) than the separation point on the underside of the object, it can be assumed that it is physically natural for a flow passing near the object to bend downward as a result. (In Fig. 4 , the object rotates clockwise for the positive Magnus effect and counterclockwise for the negative Magnus effect.) The momentum theorem provides equations stating the relation between the momentum gains of the fluid due to changes in the flow direction and the forces acting on the object. This theorem fully applies even in a flow field consisting of both a region of potential flow and a region throughout which vorticity is distributed, such as is the case in this study. However, as mentioned earlier, it is difficult to accurately identify the value of momentum imparted to the fluid. Therefore, it is generally hard to make an accurate calculation of the magnitude of the lift using this theorem. Hypothetically, let us conceive a simplified model that assumes, within a uniform flow coming from upstream, only the range of flow with vertical thickness h and confined between the two dashed lines in Fig. 4 is uniformly bent downward through angle , and the pressure outside the region through which this flow passes is constant and equal to the static pressure of the uniform flow. The coefficient of the lift forces exerted on the object is then given by the following expression:
where d is the diameter of the sphere or cylinder, and the projected area of each on a plane perpendicular to the uniform flow is used as the reference area. In the case of a sphere, the range of fluid whose flow is bent downward is assumed to be the width d (i.e., the same as the diameter of the sphere), measured in the direction perpendicular to the plane of the paper. If we substitute the above data taken from Fig. 8(b (2), then we obtain h ; 1:5d. In other words, if we assume that a stream with a width of about 1.5 times the cylinder diameter is bent downward, we obtain a C L value equal to that found by the experiment. The simple model above could not really describe the actual flow field, but we can consider the value for h obtained here as an index expressing the extent of the actual vertical (i.e., perpendicular to both the uniform flow direction and span-wise direction) widening of the flow bent downward, as shown in Fig. 4 .
The quantitative correspondence between changes in the direction of flows passing near the object and the lift force acting on the object are expressed by the momentum theorem as described above. However, if we examine the flow field at the microscopic level, its behavior is expressed by the streamline curvature theorem. The following explanation is an example of what one could take from that theorem.
In the case shown in Fig. 4 , if we stand on the moving viewpoint of a fluid particle (i.e., a non-inertial frame) when the flow that has passed the object is bent downward, the fluid, if averaged, is subject to an upward centrifugal force as it passes near the object. This force draws the fluid passing above the object from the object surface and works to reduce the pressure exerted on the upper surface. Meanwhile, the force on the fluid passing below the object presses the fluid against the object surface and works to increase the pressure on the lower surface. There are other factors, however. The presence of the object itself can increase the flow velocity and change the pressure by reducing the cross-sectional area passed through by the fluid. Therefore, we cannot categorically say that the pressure against the bottom surface of the object rises to a greater value than in the uniform flow. Still, due to centrifugal force, it is certain that the mean pressure is higher on the lower surface of the object than on the upper surface. Accordingly, the resultant force in Fig. 4 is upward; that is, exerting a lift force on the object.
We can summarize what was just stated as ''The flow direction of the fluid passing near the object is bent by the asymmetry of the separation points, and in reaction, a lift force from the fluid operates on the object''; this is called ''Explanation 2'' in this report.
The content presented so far applies to both the positive and negative Magnus effect. However, as we will limit the discussion in the following to Reynolds numbers at which the concept of the boundary layer can be applied (e.g., Re & 10 3 {10 4 ), Bernoulli's theorem holds in the potential flow region outside the boundary layer. In the flow around a cylinder, the unsteadiness becomes strong and does not fulfill the requirements for validity of Bernoulli's theorem. But in this case as well, Bernoulli's equation approximately expresses the relation between the mean temporal values of flow velocity and pressure. Thus, for both the sphere and cylinder cases, the magnitude of the pressure is directly related to the magnitude of the flow velocity on both sides of the object. This means that, for the case shown in Fig. 4 , for example, in the region where the boundary layer is attached to the surface, the mean flow velocity on the upper side of the object is greater than that on the lower side of the object. 3.3. Supplement concerning velocity difference between opposite sides of the object or circulation-again, Explanation 1 In the previous section, after explaining the mechanisms of lift using Explanation 2, the author mentioned the difference generated between mean flow velocities on both sides of the object as a result of the asymmetry of the pressure distribution at high Reynolds numbers.
Hypothetically, let us conceive the following model: the boundary layer is attached to the object around its entire surface, like the airflow around an unstalled wing, and a potential flow region is extending just outside the boundary layer. Under this hypothesis, ''the flow velocity difference between the sides of the object'' or ''the circulation around the object'' can be deduced directly. This allows us to suggest a path to a solution of the pending problem from Section 2, completion of Explanation 1b (i.e., the lack of explanations for the mechanisms generating the flow velocity difference). However, when the flow around a sphere has circulation, a pair of longitudinal vortices resembling wingtip vortices extend downstream from the sphere. Here, the model will assume that those vortices are quite thin and consider a potential flow within the doubly connected region excluding the vortices.
As the first method, if we begin with the assumption based on experimental findings of bending of the flow direction that has passed close to the object, we can derive the existence of circulation around the object. In order to show this, we define a circle C 1 coaxial with the sphere or cylinder and with a suitably large radius, lying in a plane perpendicular to the axis of rotation (Fig. 5(a) ). Then, circulation À 1 on C 1 has a positive value (clockwise) because of the bending of the flow. Next, we define another circle C 2 just outside the boundary layer. As the region between C 1 and C 2 is assumed to be irrotational, circulation À 2 above C 2 is equal to circulation À 1 , and is, of course, positive. Accordingly, in a flow around a cylinder, the lift can be directly calculated from the value of À 2 , according to the Kutta-Joukowski theorem. It is clear that an upward lift force also occurs from the flow around a sphere. This explanation is dubbed ''Explanation 1c.'' As already mentioned above, however, real flows separate, leaving about half of the object surface in contact with the wake (Fig. 5(b) ). In this case as well, the circulation À 1 above C 1 is positive because of the re-direction of the flow. But part of the region between C 1 and C 2 is wake, containing vorticity, so circulation À 2 above C 2 generally differs from À 1 . Therefore, from the logic of Explanation 1c, the value of À 2 , including its sign, cannot always be clearly known. Additionally, even if one can hypothetically identify the value of À 2 , approximately half of C 2 is in the wake region, where the flow could not obey Bernoulli's theorem along the streamlines from the upstream region. As a result, we cannot directly connect À 2 with any value of lift. Thus, we cannot consider Explanation 1c a logical view of any real flow field including separation.
Here, the direction of the object rotation in Fig. 5 (a) and (b) is clockwise for the positive Magnus effect and counterclockwise for the negative Magnus effect.
The second method employs the fact that the stagnation point location shifts in response to the value of the circulation in the potential flow around a sphere or cylinder. For example, in Fig. 5(a) , the two stagnation points Y 1 , Y 2 shift downwards along the object surface as the circulation À around the object grows. Therefore, if we assume we are able, by some logical process such as Kutta's condition for a wing, to determine the location of stagnation point Y 2 , we will also be able to determine the value of À . If Y 2 is in the location shown in Fig. 5(a) , for example, À takes a positive value (i.e., clockwise), and we must then have an upward lifting force. Real flows do not have a downstream stagnation point, as shown in Fig. 5(b) , and separation takes place at H 1 and H 2 . However, if we assume the experimental result of the asymmetric separation points described in the previous section, the middle point H M of the arc H 1 H 2 is shifted lower than the object axis. Here, if the flow field is replaced with the potential flow of Fig. 5 (a) and Y 2 is placed at H M , we can derive a clockwise circulation À and an upward lifting force using the above method. The explanation employing these replacements is called ''Explanation 1d'' here.
This method is intuitively appealing, but it is no different from Explanation 1c in the aspect that it neglects the existence of the wake region, and we thus cannot necessarily consider it a logical explanation. 3.4. Lift generated on a baseball that is not rotating or moving very slowly Mizota et al. 16 ) measured the aerodynamic forces on a non-rotating baseball in wind tunnel tests at Re ¼ 1:02 Â 10 5 and reported the appearance of lift and a variation in drag with changes in the location of the seams on the surface relative to the direction of uniform flow. They also measured the velocity distribution in the vicinity of, and downstream from, the ball surface. They speculated that the orientation of the wake was altered by the asymmetry of the separation points under the influence of the seam location, and that a lift force was generated in the direction opposite to the shift of the wake. In the seam location providing the greatest lift coefficient (C L ; 0:4), the position downstream from the ball (x=d ¼ 1:5) with the greatest velocity defect was shifted in the opposite direction to the lift by 0:5d (where d was the ball diameter). Himeno 17) numerically analyzed the same situation by the finite difference method. He performed a detailed investigation of the influence of the seam on the separation point and obtained qualitatively sim- His graphical presentation of the streamlines showed that a pair of longitudinal vortices appeared behind the ball in cases where prominent lift forces occur. We can also think of these vortices as deformations of the shear layer arising at the border between the region of the flow that has been bent by the reaction to lift, and the region with no re-directed flow, just as wingtip vortices mark this border behind aircraft. The ball is not rotating in these cases, so the above discussion does not really address the Magnus effect. However, the mechanisms of the events following asymmetry of the separation points in these cases are explained in the same way as in Explanation 2.
If we substitute the above data from Mizota et al. ( ; tan À1 0:33, C L ; 0:4) into Eq. (1), we obtain h ; 0:5d; in comparison to the previous case involving a cylinder, the value of h=d becomes about 1/3. This difference is natural if we consider that the test section in the wind tunnel tests of Takayama et al. had geometric components resulting in a flow field that was nearly two-dimensional (see Fig. 1(a) in Ref. 7)), and in contrast, the flow around a sphere is three-dimensional by definition.
Mizota et al. 16, 18) also reported the phenomena generating lift when a baseball is rotating very slowly at Re ¼ 7:1 Â 10 4 {1:18 Â 10 5 . The velocity ratio in these cases was set to values no more than 1:20 Â 10 À2 ; two orders of magnitude less than in typical cases for observing the Magnus effect. The changes in location of the seam accompanying ball rotation brought about both positive and negative lift coefficients. However, the mean temporal value was reported not to be zero, but around 0.1.
18) The direction of action of the mean lift has the same relationship to rotational direction as the positive Magnus effect. Here, also, it was shown that the position of the wake is shifted in the direction opposite to the mean lift (i.e., at x=d ¼ 1:5, the location causing the maximum velocity defect was about z ¼ AE0:3d), but no measurements of the separation point locations were made. They speculated that there was hysteresis in the separation of the flow from the ball surface, which depended on the rotation direction and especially on the direction of movement of the surface roughness.
16) Mizota et al. did not mention these phenomena were a kind of the Magnus effect, but if the above speculations are correct, it means that Explanation 2 fits the events happening after the asymmetry of the separation points has been generated.
Summary
Two approaches were employed to explain the physical mechanisms of the Magnus effect: An explanation based on the fluid velocity difference between opposite sides of the object, and an explanation based on mechanics. These were compared and evaluated.
First (Explanation 1), it was attempted to justify the mechanisms of the generation of lift using flow velocity differences between the two sides of an object and Bernoulli's theorem. It was then pointed out that the explanation justifying generation of the flow velocity difference by the effect of viscosity or turbulent viscosity, causing the object surface to drag the fluid into rotational motion (Explanation 1a), contains an inherent conflict since Bernoulli's theorem is only assumed to be valid in inviscid flow regions.
The portion of Explanation 1a dealing with the relationship between fluid velocity difference and pressure difference was extracted, and called ''Explanation 1b.'' This approach in itself does not include any contradictions in its explanation of both the positive and the negative Magnus effect in high-Reynolds number flows, where the concept of the boundary layer can be applied. However, it was pointed out that the mechanism giving rise to the flow velocity difference is not described; so this explanation is not complete. Additionally, it cannot say anything about the pressure distribution in the region of the object surface in contact with the wake; another way in which it is inadequate.
Another possible approach is an explanation by mechanics. Many experimental findings furnishing a basis for such an explanation were provided. The first was that, during the positive Magnus effect, the separation point of the flow on the object surface moving in the same direction as the flow is shifted further downstream than the separation point on the object surface that is moving opposite to the direction of the flow; during the negative Magnus effect, that relationship is reversed. This has been confirmed over and over in many experiments, and to the author's knowledge after a survey of literature, no publications have reported exceptions to this. Secondly, while lift is being generated, according to the law of action and reaction, the fluid receives a force opposite to the lift from the object. Therefore, the fluid flow past the object must be shifted from the direction of uniform flow, and indeed, this has been shown in countless experiments and numerical analyses. As a natural consequence of these two facts, it has been inferred that the flow is turned by the asymmetry of the separation points. A quantitative relation between the momentum gained by the fluid due to the change in flow direction and the magnitude of the lift force generated is provided by the momentum theorem. The above explanations were summarized as follows: Due to the asymmetry of the separation points, the direction of the flow of the fluid that has passed near the object is changed, and in reaction to this, the object receives a lifting force from the fluid. This was dubbed ''Explanation 2.'' Next, a model was conceived in which the boundary layer is attached throughout the object's surface. This model displayed the potential to resolve the issue of providing completeness for Explanation 1b. The first approach assumed the experimental finding of bending of the flow that had passed close to the object; we can then derive the velocity difference between both sides of the object, that is, the circulation around the object, using the irrotational condition. This approach was dubbed ''Explanation 1c.'' The second approach assumed the experimental finding of asymmetry of the separation points: By co-locating the downstream stagnation points in the above model with the midpoint of the two separation points on the object surface, we derived the lift force as the result of the circulation around the object. This was dubbed ''Explanation 1d.'' Both approaches provide clear explanations within the above models, but it is not necessarily clear whether or not they can be applied ''as is'' to the real flow fields, in which approximately half of the surface of the object is in contact with the wake region, due to separation.
It is clear from the above that Explanation 1, which employs a velocity difference between either side of the object or circulation around the object, is based on a theory employing potential flow. This theory assumes that inviscid flow and its result, irrotational flow, account for most of the flow region. The validity of applying this theory to phenomena like the Magnus effect, in which separation and the existence of the wake play essential roles, is unclear in both the quantitative sense and theoretical structure.
However, even using the argument of Explanation 2 does not make it easy to find the value for lift. Nevertheless, this is simply because it is hard to accurately identify the value of the momentum gained by the flow, and the momentum theorem itself always holds true. In other words, even in a flow field where a potential region coexists with a region containing a distribution of vortices, there are no approximations or omissions in the logic of Explanation 2.
When explaining the physical mechanisms of the Magnus effect to university students or other beginners, it is desirable to have an approach based on physical reality, emphasizing ''what is happening.'' Explanation 2 in this report seems to be the most appropriate approach.
